To date, the study of collective behaviour has mainly focused on intraspecific situations: the collective decision-making of mixed-species groups involving interspecific aggregation-segregation has received little attention. Here, we show that, in both conspecific and heterospecific groups, the larvae of two species (Lucilia sericata and Calliphora vomitoria, calliphorid carrion-feeding flies) were able to make a collective choice. In all groups, the choice was made within a few minutes and persisted throughout the period of the experiment. The monitoring of a focal individual within a group showed that these aggregations were governed by attractive and retentive effects of the group. Furthermore, the similarity observed between the conspecific and heterospecific groups suggested the existence of shared aggregation signals. The group size was found to have a stronger influence than the species of necrophagous larvae. These results should be viewed in relation to the well-known correlation between group size and heat generation. This study provides the first experimental examination of the dynamics of collective decision-making in mixed-species groups of invertebrates, contributing to our understanding of the cooperation-competition phenomenon in animal social groups.
Introduction
The study of collective behaviour has mainly focused on monospecific societies with high levels of sociality. For arthropods, most works concern social insects (eusocieties) [1] . As a result, species with a lower level of social organization, such as those that exhibit gregariousness, have received comparatively little attention. Nevertheless, many species, from bacteria to higher vertebrates, form groups (aggregates) that are more or less stable in time and space in response to environmental heterogeneities and due to attraction between individuals [1] [2] [3] [4] . In insect species where gregariousness may be observed at the larval instar and/or adult level [1, 5] , various signals or cues (e.g. chemical, tactile, and visual) are used to find, form, or split aggregates [1] [2] [3] 6] . In this context, the self-organization theory has been successfully used to explain how simple interactions (independent of the nature of these interactions) between individuals can generate a diversity of spatial patterns [6] [7] [8] , collective movement [9, 10] , specialization [11] , and collective decision-making (consensus, collective choice) [5, [12] [13] [14] .
Similar to monospecific groups, heterospecific groups are found in a large range of taxons, from biofilms to mammals [15] and birds [16] , but only a few studies have investigated heterospecific groups particularly within the context of collective decision-making [15] [16] [17] [18] . These mixed groups can result from different behaviours and interaction between species. For example, in a heterogeneous environment, they can simply result from similar responses to spatial heterogeneities together with an interspecific tolerance. However, more complex mechanisms are required to reach a consensus when choosing between sites of equal value or to aggregate in a homogeneous environment. Different networks of interactions can potentially lead to such heterospecific consensus where, for example, one species is gregarious while the second is not but responds to the cues of the first. Another possibility is that each species is able to reach a consensus and both are attracted to each other (or only one attracts the other). In this case, such heterospecific consensus would suggest that similar aggregation cues are used by individuals regardless of species.
To highlight collective decision-making, the binary-choice test with two equal choices has been successfully used in several studies on monospecific groups (see review in Jeanson et al. [19] ). This set-up is also relevant for heterospecific groups. Indeed, comparing the results of experiments with only one species (monospecific groups) to those with mixed groups may highlight the underlying networks of interspecific interactions.
The characteristics of the interaction networks (intra-and interspecific) are linked to their adaptive values. In many conditions, heterospecific groups likely offer similar benefits to those achieved by non-mixed groups, such as protection from predators, efficient foraging behaviour, and stress reduction [1] . However, these benefits and adaptive values can also be slightly different between the associated species. In such cases, commensalism (only one of the species benefits from the association) or social mutualism (both species benefit from each other but with different benefits) are two possible ways of living together.
Most results regarding heterospecific associations in arthropod species have been reported within the context of species coexistence and competition [20] , but no study has yet investigated the collective decisions of a mixed group. Aggregations of necrophagous larvae of various blowfly species have been extensively studied, particularly in the forensic entomology literature [21, 22] , but never under laboratory conditions. Recently, Boulay et al. [23] demonstrated that aggregations of the blowfly Lucilia sericata are active and associated with the chemical cues given. Rivers et al. [21] inventoried the potential benefits of maggot masses, such as heat generation ('larvalmass effect') [22] and cooperation for the liquefaction of food and assimilation (exodigestion) [24] . Regarding these benefits, aggregation behaviour facilitates cooperation and therefore permits an acceleration of larval development and an increase in larval survival. Such benefits are a potential source of the Allee effect at the level of the population or even at the multiple species population level [21, 25] .
This study aims to highlight the collective decisionmaking process of mixed-species groups of L. sericata and Calliphora vomitoria larvae, two key species in forensic entomology that often feed simultaneously on carrion [26] . These species are often observed on large symmetric cadavers, such as large mammals, which offer several identical spots for larvae to form groups on (electronic supplementary material, S1). Binary-choice tests were performed between two identical food spots for each monospecific and heterospecific group, and video tracking was used to analyse individual movement and collective dynamics.
Material and methods (a) Insect rearing
Larvae (maggots) were obtained from colonies bred at the Forensic Institute of Lille (Nord, France). Adult L. sericata and C. vomitoria were reared in separate cages at an ambient temperature (20 + 28C) under daylight (12 light (L) : 12 dark (D)). The flies were fed caster sugar and water ad libitum. Upon the emergence of adult flies (day 0), minced beef liver was added for 7 days (i.e. until day 7) to provide the protein required for vitellogenesis. After 5 days with no food, liver was again provided for use as an oviposition medium (day 12). After 24 h (day 13), eggs of L. sericata and C. vomitoria were separately placed on the breeding substrate (100 g of fresh minced beef liver). Larvae of L. sericata were bred at 17 + 0.58C, and after 5 -6 days (day 18 -19) , young third-instar larvae (10 + 2 mm in length) were sampled for the experiments [27] . Larvae of C. vomitoria were bred at 20 + 0.58C, and after 11 -12 days (days 24 -25) , young third-instar larvae (11 + 2 mm in length) were sampled for the experiments [28] . The number of larvae used in each experiment (40) was sufficiently low to avoid autogenous heat emission (i.e. the larval-mass effect) [29] .
(b) Experimental set-up
The experimental arena consisted of an 18.5 cm diameter Pyrex w glass Petri dish. The dish was filled to a height of 1 cm with agaragar (7 g agar-agar in 250 ml of water) with two diametrically opposed food spots (5.5 cm in diameter), each situated 2 cm from the edge of the arena. These spots were designated as the west and east spots. Each spot consisted of a solution of liver (mean nutritional composition: 15.4% proteins, 7.3% carbohydrates, and 4.1% fats (National Sanitary Security Agency)) and water (6 g/50 ml) mixed with agar. This food solution attracted a sufficient number of individuals and permitted clear counts of the number of individuals within each food spot, and each spot was sufficiently large to accommodate all of the larvae used in the trial (personal observation, J. Boulay (2013)). Both food spots were strictly identical in size, composition, and distance from the edge of the arena. The arena was placed in a climatic chamber (Firlabo w ) at 25 + 18C and monitored by video.
(c) Experimental procedure
Before each trial, the larvae were removed from the feeding substrate, placed in wet pinewood dust and isolated in the dark at 25 + 18C for 1 h. This isolation time starved the larvae while the sawdust removed traces of food from their cuticles [30] . Three conditions, including two conspecific conditions and one heterospecific condition, were tested: (1) 40 L. sericata larvae (N ¼ 30; conspecific condition), (2) 40 C. vomitoria larvae (N ¼ 30; conspecific condition), and (3) 20 L. sericata þ 20 C. vomitoria larvae (N ¼ 30; heterospecific condition).
(d) Conspecific condition and individual tracking
For each condition, 40 larvae were randomly placed in a fresh arena in a dark room due to their high photophobic behaviour [31] . Based on the locomotion abilities of the larvae (they move quite rapidly), a random dispersion was thus selected as the best option. The arena was lit from below with a fluorescent neon light (8 W; Velopex w ) with a red ROSCO TM filter (ref. Roscolux #19 Fire). This filter changed the spectrum of light by transmitting predominantly red wavelengths, which are not perceived by larvae [29] . The aggregation process was video recorded over 60 min using a Bosch Dinion LTC0355 camera. The number of larvae in each of the three zones (the two spots and the area outside of the two spots) was counted visually at 1 min intervals. To be considered located outside of a spot, the individual had to have its entire body; outside of the spot.
In each trial, a single larva was tracked throughout the 60 min trial period. To facilitate tracking, the selected focal individual was 1 mm longer than the other 39 individuals. Using the equation described by Charabidzé et al. [32] to calculate the mean larval velocity, a 1 mm difference in length had negligible influence in our set-up. Videos were down-sampled every 5 s (720 frames per video), and the position of the tracked larva was determined using Avimeca 2.7 freeware. The mid-point of the larval body was used for tracking. For the individual tracking analysis, we virtually enlarged the radius of each spot based on our tracking method (mid-point of the body) and the mean size of the individuals (10 + 2 mm). Such enlargement was set to 1 cm, corresponding to one larval body length increasing the radius from 2.25 to 3.25 cm.
(e) Heterospecific condition
Because the larvae of the two species are very similar in appearance, we marked the individuals according to their species to distinguish them during the heterospecific experiment. One species was marked using Lumicyano TM (Crime Scene Technology q ), a cyanoacrylate fluorescent glue that reacts to ultraviolet light (electronic supplementary material, S2) [33] . The marking consisted of a small spot (1 mm Marking was alternated between the two species between trials. The arena was lit by two ultraviolet lights (2 Â 15 W; Omnilux w ) because ultraviolet wavelengths are not perceived by larvae [31] . The aggregation process was video recorded for 60 min using a 5 megapixel camera (GoPro Hero 3þ TM , GoPro Enterprise). No individual tracking was performed during the heterospecific experiments due to the marking method and light conditions. The UV light clouded the arena and made it difficult to precisely follow a given individual, especially when crossing others.
(f ) Data analysis
Trials resulting in an aggregation of individuals outside of either spot (denoted 'outside trials') were excluded from the analysis (corresponding to two trials of the L. sericata group, four trials of the C. vomitoria group, and six trials of the heterospecific condition (mean proportion of outside trials: 13 + 7%)). In total, 28 replicates were analysed for the L. sericata group, 26 replicates were analysed for the C. vomitoria group, and 24 replicates were analysed for the heterospecific group. To verify that our set-up was not biased for the left or right spot, we performed binomial tests. In support of the nonbiased set-up hypothesis, no side-related differences were observed between the two spots (west and east) during either the conspecific or heterospecific experiments (binomial tests for L. sericata: p ¼ 0.16; for C. vomitoria: p ¼ 0.18; for the heterospecific condition: p ¼ 0.17). Larvae did not choose one side of the arena more than the other one.
The spot with the largest number of individuals at the end of the experiment was designated the 'Winner spot', whereas the other spot was designated the 'Loser spot' (binomial test at t ¼ 60 min) [34, 35] . If at the end of the experiment, both spots sheltered the same number of individuals, we calculated the mean of individuals present on each spot throughout the experiment. The spot with the higher mean number of individuals was considered as the 'Winner spot'. To verify the neutrality of the set-up, binomial tests were performed with the hypothesis H 0 assuming an equal distribution of individuals between the two spots (west and east). The data were tested for deviance from normality using the Kolmogorov-Smirnov test. Parametric tests were used if data normality and homogeneity of variance were observed; otherwise, corresponding non-parametric tests were used. The statistical tests were two-tailed and performed using GRAPHPAD INSTAT v. 3.06 for Windows. All of the analyses assumed a significance level of a ¼ 0.05, unless otherwise stated. For Dunn's multiple paired comparison tests, the significance level a was adjusted using the Bonferroni method [36] .
Results (a) Conspecific condition
Of the 28 replicates performed with L. sericata, we observed 20 replicates in which one food spot was preferentially chosen over the other at the end of the trial (binomial tests: p ¼ 0.01; electronic supplementary material, S4). For C. vomitoria, we observed 20 replicates out of 26 in which one food spot was preferentially chosen over the other (binomial tests: p ¼ 0.004; electronic supplementary material, S5). On average, more than 50% of the individuals were found on the Winner spot (mean + standard deviation (s.d.): L. sericata: 50.8 + 18%; C. vomitoria: 57.2 + 14%; figure 2b), whereas the Loser spot attracted less than 20% of the individuals (L. sericata: 18.9 + 12%; C. vomitoria: 19+ 13%; figure 2b). These percentages reflect a clear trend of collective choice for one spot (i.e. the Winner spot) by both species. Furthermore, the dynamics of these collective choices were similar between the two species. Each collective choice was made within 2 min of the start of the trial, with the majority of the individuals going to one spot (i.e. the Winner spot) (Wilcoxon tests at t ¼ 1 min Winner spot versus Loser spot; L. sericata, W ¼ 160, p ¼ 0.04; C. vomitoria, W ¼ 189, p ¼ 0.003; figure 2b). In both conspecific conditions, these collective choices were made very rapidly and persisted throughout the trial period (figure 2b).
(b) Heterospecific condition
In the 24 replicates performed with the two species together, we observed only three replicates in which no spot was preferentially chosen over the other. Of those trials yielding a clear choice of one spot, the two species chose the same Winner spot in 100% of cases (electronic supplementary material, S6). The aggregation dynamics of the heterospecific groups were similar to those of the conspecific groups but required more time to join the plateau value of intraspecific groups figure 2a ). These results show that the heterospecific groups aggregated more slowly on both spots than the two conspecific groups. The Winner spot contained more than 50% of the individuals (53.8 + 26%; figure 2b), whereas the Loser spot attracted 8.1 + 7% of the larvae. On each spot, the number of larvae was balanced between the two species (e.g. Such results suggest the existence of an attractive effect of the group. Additionally, the probability of returning to the Winner spot was higher than the probability of returning to the Loser spot for both species (the number of transitions from , and heterospecific groups (orange, N ¼ 24) on both food spots over time. The horizontal line corresponds to a random distribution of individuals on the surface, which was calculated according to Canonge et al. [37] . No differences were observed at t ¼ 0 min between a random distribution and the three observed distributions (bilateral tests: C. vomitoria: u ¼ 1.37, p . 0.05; L. sericata: u ¼ 0.69, p . 0.05; heterospecific group: u ¼ 0.42, p . 0.05; u alpha ¼ 1.96). Significant differences from a random distribution were observed 2 min after trial initiation for the L. sericata groups, 1 min after trial initiation for the C. vomitoria groups, and 4 min after trial initiation for the heterospecific groups (using bilateral tests). The two monospecific kinetics presented no differences from t ¼ 0 min to t ¼ 60 min (Mann -Whitney tests Winner-to-Winner was higher than that from Loser-to-Loser for both species; electronic supplementary material, S8). Moreover, the mean time to exit one spot and return to the same spot was shorter than that found for changing spots (electronic supplementary material, S8). These results are in agreement with the observation that larvae of the two species mostly moved near the edge of the Winner spot ( figure 3b ) and reinforce the hypothesis of the existence of an attractive effect of the group on the larvae (figure 5).
Discussion
Our study highlights the importance of cooperative effects in blowfly larvae through the demonstration of active aggregation behaviour in conspecific and heterospecific groups. Given the choice between two identical spots, both species chose to rest under one of the shelters and behaved as a whole. During the conspecific experiment, the majority of the larvae gathered on one food spot, and their distribution clearly differed from a random distribution (figure 2a). The collective choice of one spot (Winner) out of two occurred rapidly, within 5 min. This larval choice of one aggregation site was a consensus or collective decision [7, 11] . Typically, the mechanisms underlying such collective decisions are self-organization and the use of local communication [6] . Previous experimental and theoretical works (e.g. [5] ) show that such consensus can be a by-product of competition between amplification processes. Our individual tracking results strongly suggest that the modulation of the resting time (increase of the resting time with the aggregated population on the spots) and the inter-individual attraction were the sources of the amplification processes (figures 4 and 5). In blowfly larvae, local communication likely involves ground-marking signal that is passively left by crawling individuals; this larval signal has been shown to have an attractive/retentive effect on conspecifics [23] . The chemical profile of this cuticular signal has not yet been identified, but a recent study analysing the trailfollowing behaviour of blowfly larvae confirmed its existence [38] . Preliminary gas chromatography results suggest that a cholesterol-derivate compound could be one of the common signals for both species (unpublished data, J.B. (2015)). According to the aggregation model presented by Amé et al. [39] or Lihoreau et al. [40] , it is likely that the interplay between a random exploration of the arena and an increase in the resting time with the sheltering or the feeding population can lead to collective decision-making. Due to random asymmetry, the ground signal on one spot rapidly became stronger over rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20152676 time, which then created a Winner spot due to the progressive increase in the number of larvae on this spot. To support the hypothesis of the existence of this type of social amplification, simulation models similar to those that have been used to investigate the self-organized collective decision-making process should be constructed [39] .
Under heterospecific conditions, larvae of the two species also aggregated together on a single (Winner) spot. This result suggests that the aggregation cues given by these two species are very similar and that at least one of the two species can detect and recognize the aggregation cues given by the other. However, a symmetric relationship in which the two species are able to recognize each other's aggregation cues is also possible. It is also interesting to observe that the dynamics of aggregation were slower for the heterospecific group than for the conspecific group ( figure 2) . Moreover, the mean number of individuals in the heterospecific group present outside the spots was greater than that found in the conspecific groups, whereas the mean number on the Winner spot was the same between the different groups (figure 2b). This result suggests the presence of a common retentive signal combined with a more species-specific attractive signal.
In field conditions, various calliphorid larvae species are often observed in large aggregates composed of thousands of individuals of different instars and species. This strong aggregation behaviour is associated with an emerging property observed in large aggregates that is named the larval-mass effect [22, 29] . The gathering of numerous larvae in dense masses can create a local increase in temperature that can reach 208C above ambient. This modification of the thermal environment by larval groups decreases the duration of larval dependency on carrion (their development time depends on temperature) [21] . Moreover, aggregation behaviour allows larvae to receive benefits from the local increase in enzyme concentration [21, 24] . These modifications of the feeding environment by larval groups decrease the duration of larval development on carrion, which is considered one of the main benefits of gregarism in these species [21] . Accordingly, heterospecific aggregation will allow larvae to reach sufficient group size to create such emergent effects, particularly if the monospecific numbers are low. These benefits can lead to an interspecific Allee effect at the population level. We assume that the mean larval fitness decreases when the larval population is too large in front of the size of the food patch (or corpse). However, different mechanisms exist to prevent larval overcrowding: adult females control the number of eggs laid on a given cadaver, especially according to its size/ carrying capacity [41, 42] and larvae can break the aggregate and move to other parts of the cadaver. Such a splitting is observed under laboratory conditions when too many larvae are bred together in a box ( personal observation).
Yet, in natural conditions, the heterospecific aggregation can be affected by heterogeneities of the environment and differences in the preferences among species such as the thermal preferences. According to field observation, our hypothesis is that closely related species that have different thermal preferences should segregate under extreme thermal conditions [43] . A second set of experiments should be designed to show the control of the collective choice by mixed groups when patches/spots differ in attractiveness. It is likely that for small groups, despite the individual preferences, larvae would be socially driven. Both species should rest together, but the frequency of the selected patch may depend on the ratio between species [34] . Only for strong differences between spots would the individuals or a large group with different species-specific thermal preferences be segregated [43] .
The notion of gregariousness often implies cooperation and/or competition. These two behaviours are the most fundamental principles that drive the evolution of social structures. The study of mixed-species groups offers biologists an interesting approach for exploring the frontiers between cooperation and competition in animal groups. However, this phenomenon must be analysed in the broader context of population dynamics. Among many problems to be solved is the relationship between the different stages of the life cycle (e.g. adults and larvae). This is particularly evident regarding larval gregariousness and egg-laying strategy, which obviously affects the number of larvae per patch. Interestingly, aggregated oviposition, which favours the formation of locally dense populations, has been demonstrated in many insect species, including calliphorid flies and, notably, L. sericata [44, 45] .
Finally, our results highlight that forensic entomologists should take into account the social behaviour of Diptera larvae, particularly the group size of larval masses, when estimating the time of death (i.e. post-mortem interval calculation [26] ). It also allows a discussion of new perspectives to improve breeding conditions of species living together [46] . The literature on gregarious species [45] , which stresses the similarities in the mechanisms of aggregation, leads us to put forward the view that many other multispecies cases would show similar collective decision-making to that described in this article.
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